A group of 37 strains representing all 13 serotypes of Listeria monocytogenes with an initial cell density of 10 7 CFU/ml were analyzed for their heat tolerance at 60uC for 10 min. These L. monocytogenes strains were categorized into three heat tolerance groups: low (,2 log CFU/ml survival), medium (2 to 4 log CFU/ml survival), and high (4 to 6 log CFU/ml survival). Serotype 1/2a strains had relatively low heat tolerance; seven of the eight tested strains were classified as low heat tolerant. Of the two serotype 1/2b strains tested, one was very heat sensitive (not detectable) and the other was very heat resistant (5.4 log CFU/ ml survival). Among the 16 serotype 4b strains, survival ranged from not detectable to 4 log CFU/ml. When one L. monocytogenes strain from each heat tolerance group was subjected to sublethal heat stress at 48uC for 30 or 60 min, the survival of heat-stressed cells at 60uC for 10 min increased by 5 log CFU/ml (D 60uC -values nearly doubled) compared with the nonstressed control cells. Sublethal heat stress at 48uC for 60 or 90 min increased the lag phase of L. monocytogenes in tryptic soy broth supplemented with 0.6% yeast extract at room temperature by 3 to 5 h compared with nonstressed control cells. The heat stress adaptation in L. monocytogenes was reversed after 2 h at room temperature but was maintained for up to 24 h at 4uC. Our results indicate a high diversity in heat tolerance among strains of L. monocytogenes, and once acquired this heat stress adaptation persists after cooling, which should be taken into account while conducting risk analyses for this pathogen.
States has a zero tolerance policy for L. monocytogenes in ready-to-eat food products (40) .
Health risks associated with microbial stress adaptation is an important area of research with direct practical implications. Stress is defined as any physical, chemical, or biological condition that adversely affects bacterial growth and survival (46) . Commonly, sublethal exposure to any stress for 15 to 60 min is sufficient to induce cellular changes that enable foodborne pathogens to resist lethal inactivation treatments. For example, L. monocytogenes subjected to sublethal heating at 48uC for 60 min were more heat tolerant at 60uC than were cells that were not sublethally heated (1) . Cross-protection, where sublethal exposure to one stress confers resistance against other heterogeneous inactivation treatments, also has been found in L. monocytogenes. For instance, L. monocytogenes cells heat stressed at 45uC for 60 min had higher resistance to ethanol and osmotic stress conditions (25) . In another study, heat-or saltstressed L. monocytogenes cells were not resistant to acid inactivation treatments (20) . This finding suggests that the stress tolerance mechanisms in L. monocytogenes are highly complex and depend on various stress parameters and conditions.
An understanding the heat stress response is critical because heating remains the most widely used measure for protecting the food supply. The increase in thermal resistance after sublethal heating treatment was initially demonstrated in a broth model study and has been confirmed in food matrices (1, 10, 31 ). An intriguing factor in the L. monocytogenes heat stress response is the genetic diversity associated with various strains of the different serotypes. Buncic et al. (3) found no inherent differences in heat tolerance at the phenotypic level between L. monocytogenes 1/2a and 4b isolates when cells were subjected to lethal inactivation at 60uC. In another study, high variability in heat tolerance was observed in 21 strains of L. monocytogenes of different serotypes, and lineage appeared to have some effect on the inherent heat tolerance of L. monocytogenes (8) . Lianou et al. (22) discovered that among 25 L. monocytogenes strains isolated from food or clinical outbreaks serotype 4b strains had the lowest thermal resistance, but this study did not include strains from all 13 known serotypes of L. monocytogenes. At a molecular level, the requirement for sigB to induce heat stress adaptation in L. monocytogenes can be strain or serotype dependent (12, 28) , and the heat stress response in L. monocytogenes was not modulated based on the presence or absence of antibiotic resistance genes (43) .
Of practical relevance, in several scenarios heat stress adaptation may or may not be important. Initial acquired heat stress adaptation in broth can enhance the heat tolerance of L. monocytogenes during subsequent lethal heat treatments in food products. Carlier et al. (6) found that heat shocked (42uC) L. monocytogenes cells had higher survival rates than did nonheated control cells in ham at 60uC. Jorgensen et al. (14) found that L. monocytogenes survival in minced beef was higher at 60uC after cells were preheated at 46uC for 30 min. Farber and Brown (10) reported that preheating at 48uC for 60 min conferred increased heat tolerance to L. monocytogenes in meat products. Sublethal heat-induced adaptation to heat stress also may occur in food products subjected to slow and gradual heating. In large meat products such as intact ham, the rate of heat transfer is a crucial factor affecting the lethal heat inactivation of L. monocytogenes (19, 39) . Other thermal techniques such as microwaving and infrared heating in which heat transfer occurs mainly by conduction or convection can create areas with exposure to sublethal temperatures (11, 21, 47) . In contrast, Samelis et al. (34) reported that after heat treatment at 60uC for 30 s, Listeria in raw milk was reduced to a safe level. In this case, the inactivation effect could have been due to the rapid increase in temperature or low levels of Listeria contamination.
In the various reports of L. monocytogenes and heat stress, several aspects are not clear. None of the studies included evaluation of the heat tolerance of all 13 serotypes of L. monocytogenes. Studies of the effect of inherent variation in heat tolerance among L. monocytogenes strains on heat stress adaptation under a variety of sublethal heat stress conditions have not been attempted. An increase in the lag phase due to lethal heat shock (55 or 63uC) was reported by Vasseur et al. (42) . However, the effect of cell injury from sublethal heat treatment (48uC) as a measure of the increase in the lag phase of various strains with different levels of heat tolerance has not been examined. The stability (i.e., cellular imprint or memory) of heat stress adaptation is very important because heat-adapted cells may not immediately encounter homologous (i.e., heat) or heterogeneous (i.e., acid, antimicrobial, or high hydrostatic pressure) lethal inactivation treatments during food processing. The results of two previous studies suggested that heat stress adaptation may persist for 24 h in broth or meat products at 4uC (10, 15) . However, little information is available on whether the stability of heat stress adaptation in L. monocytogenes is strain dependent.
To improve current understanding of the heat stress adaptation of L. monocytogenes, we evaluated (i) the heat tolerance of 37 L. monocytogenes strains representing all known 13 serotypes of L. monocytogenes, (ii) the heat stress adaptation in representative L. monocytogenes strains with low, medium, and high heat tolerance after sublethal heat stress at 48uC, (iii) the growth rate of representative L. monocytogenes strains with low, medium, and high heat tolerance after sublethal heat stress at 48uC for different time periods, and (iv) the stability of heat stress adaptation in representative L. monocytogenes strains with low, medium, and high heat tolerance after sublethal heat stress at 48uC followed by cooling to 22 or 4uC before lethal heat stress at 60uC.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Thirty-seven L. monocytogenes isolates collected from different sources were used in this study. Details of strains, serotypes, and sources are given in Tables 1 through 3 . Working stock cultures of these strains were maintained at 4uC in tryptic soy broth slants supplemented with 0.6% yeast extract (TSBYE; Sigma-Aldrich, St. Louis, MO). Ten milliliters of TSBYE was inoculated with one loopful of L. monocytogenes stock cultures (using sterile disposable loops) and incubated overnight in an incubator shaker (C24 classic series, New Brunswick Scientific, Edison, NJ) at 37uC to obtain stationaryphase cultures.
Heat tolerance of L. monocytogenes at 60uC. The L. monocytogenes strains were grown overnight at 37uC and thermally challenged at 60uC for 10 min. The optical density at 630 nm (OD 630 ) of the overnight culture for all the strains were 1.0 to 1.2, a level of approximately 9 log CFU/ml. These stationaryphase cultures were initially diluted to 10 8 log CFU/ml in TSBYE, and 100 ml of each culture was transferred to Eppendorf tubes on a digital thermal block (Accublock digital dry bath, Labnet International, Edison, NJ) containing 900 ml of TSBYE preheated to 60uC. The surviving cells were enumerated after 10 min at 60uC on tryptic soy agar (TSA) plates supplemented with 0.1% esculin and 0.05% ferric ammonium citrate (TSAEF). Compared with TSA or TSAYE, TSAEF provided better recovery of heat-stressed cells in our early stages of testing. Plates were incubated at 37uC for 36 to 48 h, and colonies were counted.
Effect of sublethal heating at 48uC on heat stress adaptation in L. monocytogenes strains. In this assay, cells of three representative L. monocytogenes strains, EGD (BUG 600; low heat tolerance), NRRL B-33157 (medium heat tolerance), and F4260 (high heat tolerance) were exposed to the sublethal temperature of 48uC for 0, 5, 15, 30, 60, and 90 min to evaluate the effect of this sublethal treatment on the ability of the strains to withstand lethal heat treatment at 60uC. For the sublethal treatment, 1 ml of stationary-phase culture was added to 9 ml of preheated (48uC) TSBYE in 15-ml tubes. A reciprocal water bath shaker (model R76, New Brunswick Scientific) was used to heat the tubes, which were immersed upright in water to just below the lid. Additional precautions taken included adding inoculum directly into the preheated broth and using of serological pipettes to mix the samples so that cell inoculum did not adhere to the nonheated part of the inner tube wall and cap. After incubation at 48uC for 0 to 90 min, the tubes were vortexed for 30 s, and 100 ml of the heated sample was transferred to 900 ml of preheated TSBYE (60uC for 15 min) in Eppendorf tubes and incubated at 60uC in a digital heating block. Multiple Eppendorf tubes were prepared for each sample, and individual Eppendorf tubes were used for L. monocytogenes enumeration. For strain BUG 600, survival was determined every 5 min for 20 min. For strains NRRL B-33157 and F4260, the survival was determined every 10 min for 50 min. After heat treatments at 60uC, all samples were plated on TSAEF and incubated at 37uC for 24 to 36 h to obtain countable colonies.
Effect of sublethal heating at 48uC on the lag phase of L. monocytogenes strains. This experiment was conducted to determine the lag time of strains BUG 600, NRRL B-33157, and F4260 after exposure to 48uC. L. monocytogenes cells were exposed to sublethal treatment at 48uC for 0, 5, 15, 30, 60, and 90 min following the same protocol as for the previous experiment, and then 2 ml of each sample was distributed into duplicate 24-well Effect of cooling step on stability of heat stress adaptation in L. monocytogenes strains. In previous experiments, the heat stress adaptation of L. monocytogenes was determined by exposure to sublethal heat at 48uC and then to lethal heat at 60uC. Here, we define the stability of heat stress adaptation as the ability of L. monocytogenes cells to maintain heat resistance up to a definite time after removal from the sublethal heat stress environment. L. monocytogenes cell suspensions (10 ml) were exposed to sublethal heat stress at 48uC for 60 min as described above and then held at room temperature for 0, 60, and 120 min. Subsamples (100 ml) were then mixed with 900 ml of TSBYE that had been heated at 60uC, and inactivation of BUG 600, NRRL B-33157, and F4260 was evaluated after 10, 15, and 20 min, respectively. For comparison, the non-heat-adapted samples from each strain without growth at room temperature were also subjected to direct challenge at 60uC. After the 60uC lethal exposure, surviving L. monocytogenes cells were enumerated on TSAEF.
The stability of heat stress adaptation in samples subsequently stored at 4uC was determined after 0, 2, 6, and 24 h of refrigeration of samples that had been first sublethally heat stressed at 48uC for 60 min or not sublethally heat stressed (control samples) and then exposed to 60uC. The BUG 600, NRRL B-33157, and F4260 strains were inactivated at 60uC after 10, 15, and 20 min, respectively. The protocol was similar to that described above for determining stability at room temperature, but the major difference was the duration of the incubation time (up to 2 h at room temperature versus 24 h at 4uC) and analysis of control samples at each time point during the 4uC incubation. Analysis of control samples simultaneously with heat stress-adapted cells at each time point was not possible for the room temperature experiment because of active growth of L. monocytogenes cells at room temperature.
Statistical analysis. Three replicates were conducted for all experiments in a completely randomized design structure. Data recorded were the mean ¡ the standard error of three individual trials. An analysis of variance with Tukey's honest significant difference test (P , 0.05) was performed to determine significant mean separation (SPSS version 12.0, SPSS, Chicago, IL).
RESULTS
Diversity of heat tolerance in L. monocytogenes strains at 60uC. Based on their survival at 60uC for 10 min, 37 L. monocytogenes strains representing all 13 serotypes were classified into three subgroups of low, medium, and high heat tolerance. Low heat tolerance was defined as survival of 0 to 2 log CFU/ml at 60uC for 10 min. Of the total 37 strains analyzed, 25 belonged to this subgroup (Table 1) . Medium heat tolerance was defined as survival of 2 to 4 log CFU/ml at 60uC for 10 min; nine strains belonged to this subgroup (Table 2 ). High heat tolerance was defined as survival of 4 to 5 log CFU/ml at 60uC for 10 min; three strains belonged to this subgroup (Table 3) .
Strains of L. monocytogenes representing serotype 1/2a had relatively low heat tolerance; seven of eight tested 1/2a strains were classified in the low heat tolerance group. Of these eight strains of serotype 1/2a, survival ranged from nondetectable to 2.3 log CFU/ml. Extensive variability was observed in heat tolerance at 60uC among serotype 1/2b and 4b strains. Of the two serotype 1/2b strains tested, one was nondetectable and the other survived at up to 5.4 log CFU/ ml after the 60uC treatment. Among the 16 strains of serotype 4b, survival ranged from nondetectable to 4 log CFU/ml. For the other 10 serotypes, one serotype 7 strain had high heat tolerance and the rest were classified as having low heat tolerance. No specific serotype-associated heat tolerance was observed among the strains of those 10 serotypes.
Ability of L. monocytogenes to survive at 60uC is dependent on the exposure time to sublethal heat stress. Heat stress adaptation, defined as the increased resistance to lethal temperature after exposure to sublethal heat stress, was dependent on the duration of the exposure to the sublethal heat stress. Three strains of L. monocytogenes, BUG 600, NRRL B-33157, and F4260, were selected to represent low, medium, and high heat tolerance, respectively. Overall, L. monocytogenes stationary-phase cells that were preheated at 48uC for 5, 15, 30, 60, and 90 min were more heat tolerant than were the control cells, which were not preheated. The D-values at 60uC (D 60uC ; defined as the time required to achieve 90% reduction in the L. monocytogenes population at 60uC) were calculated for survival curves from Figure 1 and presented in Table 4 .
For strain BUG 600 (Fig. 1A) , counts in control samples declined from an initial 7 log CFU/ml to nearly 1 log CFU/ml within 10 min of heating at 60uC, resulting in a D 60uC -value of 1.9 ¡ 0.2 min. BUG 600 cells that were heat stressed at 48uC for 5 min had approximately 3 log CFU/ml survival after 10 min of lethal (60uC) heat treatment, although the calculated D 60uC -value of 2.1 ¡ 0.0 min was not significantly different than that for the control (P . controls, which indicated that excessive preheating impaired the acquired heat stress adaptation. According to survival curves ( Fig. 1) and D 60uC -values (Table 4) , preexposure at 48uC for 60 min conferred the most protection from subsequent heat stress. The NRRL B-33157 (medium heat tolerance) control (nontreated) survival was below the detection limit after 20 min of heating at 60uC (Fig. 1B) , with a D 60uC -value of 2.8 ¡ 0.0 min. The cells that were preheated at 48uC for 5 min survived at about 2 log CFU/ml (D 60uC -value, 4.2 ¡ 0.0 min) after 20 min of heating at 60uC, suggesting mild heat adaptation. The heat adaptation for the cells that were preheated at 48uC for 15, 30, 60, and 90 min was much higher, with survival of 4.2 to 4.7 log CFU/ml after 20 min at 60uC. When the lethal exposure time at 60uC was increased to 30 min, the survival of cells preheated for 15 and 90 min at 48uC was nondetectable, whereas cells preheated for 30 and 60 min had survival of 2.5 log CFU/ ml. Cells preheated at 48uC for 15 The adaptation effect for high heat tolerant strain F4260 followed a pattern similar to that of the low and medium heat tolerant strains ( To summarize the adaptation results, the effect of sublethal heating at 48uC on survival after lethal heating at 60uC was evident in all three strains representing different inherent thermal tolerance levels. For the three strains, sublethal heat stress at 48uC for 30 or 60 min induced the most effective heat stress adaptation. As the preheating time at 48uC was increased to 90 min, the heat stress adaptation effect diminished, and these cells were less tolerant to lethal heat stress.
Sublethal heating of L. monocytogenes cells at 48uC increased the growth lag phase. Exposure of L. monocytogenes to sublethal heating at 48uC interrupted the active growth cycle and resulted in an increase in the lag time. Based on the OD 630 , BUG 600 control cells initiated growth after 1 h, and a growth plateau was reached within 10 h (Fig. 2A) . BUG 600 cells that were heat stressed at 48uC for 5, 15, or 30 min also resumed growth after 1 h and reached a growth plateau within 10 h. In contrast, heat stress at 48uC for 60 and 90 min extended the lag phase, so that cells did not initiate growth until 5 h. Strain NRRL B-33157 has an inherent longer lag phase, and control cells did not initiate growth until 3 h (Fig. 2B) . Heating at 48uC for 5 and 15 min led to a lag phase of 4 h, after which growth resumed. Cells heated at 48uC for 30, 60, and 90 min had a lag phase of 6 to 7 h, after which they grew slowly. NRRL B-33157 was the most slowly growing of the three representative strains, which was reflected in its inherent longer lag phase and subsequent lower growth rate during the lag phase.
The F4260 control cells and those stressed at 48uC for 5 min had similar behavior; growth resumed after 2 h. When the cells were stressed at 48uC for 15 and 30 min, the lag phase was extended to 3 h. Stress at 48uC for 60 and 90 min resulted in the longest lag phase of approximately 5 h (Fig. 2C) .
Stability of heat stress adaptation after cooling step. Differences were noted in the retention of the heat stress adaptation response at room temperature (22uC) (Fig. 3) and 4uC (Fig. 4) . At 22uC, a gradual decrease in the heat tolerance of L. monocytogenes cells was observed after removal of the sublethal heat stress. In contrast, heat stressadapted cells when cooled to 4uC maintained heat stress resistance for up to 24 h.
The heat-adapted BUG 600 cells that were immediately inactivated at 60uC survived at approximately 6 log CFU/ml. With increased cooling time at room temperature up to 2 h before lethal heat inactivation, the survival of heat-adapted cells was reduced to 4 log CFU/ml (Fig. 3A) . Heat stress adaptation in the BUG 600 cells was not completely lost after 2 h of cooling at room temperature; heat-adapted cells levels were about 2 log CFU/ml higher than those of nonadapted control cells. The heat stress adaptation of the medium heat tolerant strain NRRL B-33157 was relatively less stable at room temperature. Heat stress adapted cell survival was 5.3 log CFU/ml when there was no time lag between sublethal and lethal heating, but survival was reduced to 4.2 and 2.8 log CFU/ml after 1 and 2 h of cooling at room temperature, respectively (Fig. 3B) . The decrease in the heat stress adaptation effect in high heat tolerant strain F4260 was similar to that of strain NRRL B-33157. At the end of 2 h of cooling at room temperature, the heat stress adaptation was completely lost, and survival was reduced from 5.2 to 2.8 log CFU/ml, similar to that of the nonadapted control cells (Fig. 3C) .
During cooling at 4uC, the heat stress adaptation response was stable. For all three L. monocytogenes strains, no decline in heat tolerance for the heat stress adapted cells was observed up to 24 h during refrigeration storage. Recoveries of heat stress adapted cells were similar at 2, 6, and 24 h for all three strains. Differences between control and heat stress-adapted cells were approximately 2 log CFU/ml for the low heat tolerant BUG 600 strain (Fig. 4A) , approximately 4 log CFU/ml for the medium tolerant NRRL B-33157 strain (Fig. 4B) , and 1.0 to 1.5 log CFU/ml for the high heat tolerant F4260 strain at the 2-, 6-, and 24-h sampling times (Fig. 4C) . For strains BUG 600 and F4260, the control cells without sublethal heat treatment had increased heat tolerance after cooling at 4uC. For example, the survival of BUG 600 control cells was 2 to 3 log CFU/ ml higher after 2 and 6 h at 4uC than after of 0 h at 4uC (Fig. 4A) .
DISCUSSION
In this study, we evaluated the heat tolerance of 37 L. monocytogenes strains representing all 13 known serotypes and identified a high diversity of heat tolerance in this pathogen within serotypes. Thirty-seven L. monocytogenes strains were categorized into three groups (low, medium, and high heat tolerance) based on their inherent heat tolerance at 60uC. Nearly 90% of the serotype 1/2a strains had relatively low heat tolerance (Table 1) , whereas only 50% of the serotype 4b strains were in this subgroup. Serotype 4b contained both low and medium heat tolerant strains, whereas serotype 1/2b strains had either low or high heat tolerance. In a previous study of 25 L. monocytogenes strains, serotype 4b strains had lower heat tolerance at 55uC than did strains of other serotypes (22) . In another study, no differences in inherent heat tolerance were found between serotype1/2a and 4b isolates, but serotype 4b isolates were more heat resistant than were serotype 1/2a isolates after cold storage at 4uC (3). De Jesus and Whiting (8) and Sorqvist (38) also reported that no serotype-based heat tolerance pattern was observed among L. monocytogenes strains. Therefore, serotype may not be the sole factor that contributes to the differences in heat tolerance among L. monocytogenes strains. Other differences among protocols used in lethal heat challenge experiments (e.g., strain, growth medium, growth temperature, pH, and heating menstruum) could lead to the wide variation in heat tolerance found among L. monocytogenes strains (9, 16) .
In a majority of previous studies, heat stress adaptation was induced by exposing L. monocytogenes cells to sublethal temperatures for 1 to 2 h (1, 4, 10, 37) . However, this approach does not approximate actual food processing conditions, where during most heat treatments foods are exposed to sublethal temperatures for less than 30 min. Therefore, any information on the sublethal heat exposure time that is most likely to induce heat stress adaptation would be valuable for the food processing industry. As little as 15 min was adequate to induce some heat stress adaptation in the L. monocytogenes strains in our study. This finding was consistent with the results obtained by Hassani et al. (13) . Molecular investigation revealed increased expression of class I and class III heat shock genes in L. monocytogenes cells exposed to 48uC for only 3 min (41). In another study with E. coli, heat shock protein positive regulator s 32 was upregulated after 2 to 4 min of temperature increase from 30 to 42uC (30) . These results indicate that heat stress adaptation in L. monocytogenes may easily occur when a short-term sublethal heat stress is present during thermal processing. However, in the present study 30 to 60 min at 48uC was the condition that most enhanced heat tolerance in L. monocytogenes (Fig. 1) . Similar patterns were observed for all strains regardless of their inherent low, medium, or high heat tolerance. Our finding differs slightly from that of Linton et al. (24) , who found that 20 min of heating at 48uC was the optimal condition to induce heat stress adaptation in L. monocytogenes. This difference could be the result of strain variation or differences in the bacterial growth phase. In contrast, excessive (90 min) sublethal heat (48uC) exposure reduced heat stress adaptation in L. monocytogenes. In another study, excessively high heating temperatures or long heating times resulted in reduced heat stress adaptation in L. monocytogenes (4) . Such prolonged exposure to sublethal heat stress may provoke cell injury, which subsequently may negatively affect the heat stress adaptive mechanism. In contrast, Pagan et al. (31) reported that prolonged exposure (up to 9 h) to lower sublethal temperatures of 40 to 46uC did not impair heat stress adaptation of L. monocytogenes. However, 40 to 46uC may not be high enough to cause cell injury during sublethal heating.
Listeriosis outbreaks can occur when a small number of L. monocytogenes cells multiply to reach approximately 1,000 CFU in contaminated ready-to-eat food products. Hence, the ability of this pathogen to grow in ready-to-eat food products is closely associated with its infectious dose and virulence potential. Heat stress-induced cell injury impairs the ability of the cell to grow, which may increase the resuscitation time. Therefore, we investigated the lag phase of L. monocytogenes after different periods of sublethal heat exposure at 48uC. For all three representative strains, 60 or 90 min of sublethal heating at 48uC significantly delayed cell growth in TSBYE at room temperature. This finding suggests that 60 to 90 min of heating at 48uC may cause enough cell injury to prolong the lag phase of these strains. Cell injury triggered by heat treatment has been well documented in previous studies, and recovery of heat stressed L. monocytogenes cells has been enhanced by adding nutrients, reducing the agar concentrations, and using bilayer agar or cold preincubation (18, 26, 38, 45) . We found that 30 min at 48uC was sufficient to trigger heat stress adaptation in L. monocytogenes but had no adverse effect on the lag phase and thus did not impair the growth capability (Figs. 1 and 2) . Therefore, potentially short periods (i.e., 30 min) of sublethal heating may not compromise L. monocytogenes cell integrity or growth potential and thus may pose a significant safety risk during food processing.
Heat stress adaptation in L. monocytogenes cells confers both greater resistance to lethal high temperatures and cross-resistance to commonly used antimicrobial agents or disinfectants (23, 29) . However, this enhanced resistance to lethal temperatures or against antimicrobial compounds was determined under conditions in which L. monocytogenes cells were exposed to sublethal heat and then immediately subjected to lethal thermal inactivation treatments. This situation may not be the typical risk scenario encountered during food processing. Hence, the stability of the acquired heat stress adaptation in L. monocytogenes must be determined before conducting a challenge with lethal inactivation steps, which is a critical point during food processing. In the stability assays, we observed that heat stress adaptation in L. monocytogenes was reversed within 2 h of cooling at room temperature ( Fig. 3 ) but was highly stable for up to 24 h of cooling at 4uC (Fig. 4) . The reversal of heat stress adaptation in L. monocytogenes could be attributed to a lower concentration of heat shock proteins after sublethal heat stress is removed. In E. coli O157:H7, the heat shock protein positive regulator s 32 was unstable in a steady state growth stage where sublethal heat stress was not present (2) . The high stability of L. monocytogenes heat stress adaptation after cooling at 4uC could be associated with the absence of active growth within 24 h at 4uC and thus stabilization of the activated heat shock proteins. This hypothesis must be tested by further transcriptional or proteomic analysis of heat-adapted L. monocytogenes cells held at 4uC.
In the L. monocytogenes BUG 600 and F4260 strains, control cells were more heat tolerant after exposure to 4uC ( Fig. 4A and 4C ). Other researchers reported that the expression of heat shock proteins (GroEL and DnaK) in L. monocytogenes was upregulated after exposure to 4uC for 11 days (5). However, Miller et al. (27) found that cold shock at 0 to 15uC for 1 to 3 h decreased the heat resistance of L. monocytogenes. In another study, after cold storage at 4uC for 2 weeks 53% of 81 L. monocytogenes isolates did not have altered heat resistance, 41% had decreased heat resistance, and 6% had increased heat resistance (3). Therefore, cold-induced heat resistance in L. monocytogenes is determined by multiple factors such as the cold storage time and temperature and the strain tested. Collectively, although storage at refrigeration temperatures usually delays the growth of L. monocytogenes, it may preserve an acquired heat stress adaptation. Under those circumstances, either a higher reheating temperature or longer reheating time may be needed to destroy heat stress adapted L. monocytogenes cells and mitigate any food safety risk after cold storage.
In conclusion, this study revealed extensive diversity in the heat tolerance response among strains of the 13 serotypes of L. monocytogenes, which were classified of low, medium, and high heat tolerant. After sublethal heat stress adaptation, D 60uC -values of these three groups of heat tolerant strains increased by a maximum 2.5 times and the lag phase was prolonged by 3 to 7 h. This heat stress adaptation was reversed within 2 h at 22uC but was highly stable for up to 24 h at 4uC. Further studies are needed to determine the heat stress response of L. monocytogenes using a larger set of serotype 1/2a, 1/2b, and 4b strains under simulated thermal processing conditions or in real food substrates, which may have implications for the food safety risks associated with this pathogen.
